While new direct-acting antiviral agents for the treatment of chronic hepatitis C virus (HCV) infection have been approved, there is a continued need for novel antiviral agents that act on new targets and can be used in combination with current therapies to enhance efficacy and to restrict the emergence of drug-resistant viral variants. To this end, we have identified a novel class of small molecules, exemplified by PTC725, that target the nonstructural protein 4B (NS4B). PTC725 inhibited HCV 1b (Con1) replicons with a 50% effective concentration (EC 50 ) of 1.7 nM and an EC 90 of 9.6 nM and demonstrated a >1,000-fold selectivity window with respect to cytotoxicity. The compounds were fully active against HCV replicon mutants that are resistant to inhibitors of NS3 protease and NS5B polymerase. Replicons selected for resistance to PTC725 harbored amino acid substitutions F98L/C and V105M in NS4B. Anti-replicon activity of PTC725 was additive to synergistic in combination with alpha interferon or with inhibitors of HCV protease and polymerase. Immunofluorescence microscopy demonstrated that neither the HCV inhibitors nor the F98C substitution altered the subcellular localization of NS4B or NS5A in replicon cells. Oral dosing of PTC725 showed a favorable pharmacokinetic profile with high liver and plasma exposure in mice and rats. Modeling of dosing regimens in humans indicates that a once-per-day or twice-per-day oral dosing regimen is feasible. Overall, the preclinical data support the development of PTC725 for use in the treatment of chronic HCV infection.
While new direct-acting antiviral agents for the treatment of chronic hepatitis C virus (HCV) infection have been approved, there is a continued need for novel antiviral agents that act on new targets and can be used in combination with current therapies to enhance efficacy and to restrict the emergence of drug-resistant viral variants. To this end, we have identified a novel class of small molecules, exemplified by PTC725, that target the nonstructural protein 4B (NS4B). PTC725 inhibited HCV 1b (Con1) replicons with a 50% effective concentration (EC 50 ) of 1.7 nM and an EC 90 of 9.6 nM and demonstrated a >1,000-fold selectivity window with respect to cytotoxicity. The compounds were fully active against HCV replicon mutants that are resistant to inhibitors of NS3 protease and NS5B polymerase. Replicons selected for resistance to PTC725 harbored amino acid substitutions F98L/C and V105M in NS4B. Anti-replicon activity of PTC725 was additive to synergistic in combination with alpha interferon or with inhibitors of HCV protease and polymerase. Immunofluorescence microscopy demonstrated that neither the HCV inhibitors nor the F98C substitution altered the subcellular localization of NS4B or NS5A in replicon cells. Oral dosing of PTC725 showed a favorable pharmacokinetic profile with high liver and plasma exposure in mice and rats. Modeling of dosing regimens in humans indicates that a once-per-day or twice-per-day oral dosing regimen is feasible. Overall, the preclinical data support the development of PTC725 for use in the treatment of chronic HCV infection.
C hronic hepatitis C virus (HCV) infection is a worldwide epidemic disease with an estimate of over 170 million people chronically infected worldwide (1) . Approximately 60 to 85% of HCV infections result in chronic hepatitis that can lead to liver fibrosis, cirrhosis, and hepatocellular carcinoma (2) . The current standard of care (SOC) for chronic hepatitis C infection, pegylated alpha interferon in combination with ribavirin, has serious side effects and limited efficacy, especially for infection with HCV genotype 1, which is the most prevalent HCV genotype (3, 4) . Two HCV protease inhibitors, boceprevir (Victrelis) and telaprevir (Incivek), for the therapy of HCV genotype 1 infection in combination with the SOC were approved for use nearly 2 years ago. In addition, a number of other direct-acting antivirals (DAAs) in clinical trials have demonstrated encouraging efficacy in combination therapies (5) . Currently, the HCV antivirals in preclinical and clinical development are inhibitors of the viral protease, polymerase, or nonstructural protein 5A (NS5A) (6) . Due to the emergence of viral variants resistant to the DAAs, even in combination therapy with the SOC (7-9) and the potential for viral rebound after cessation of antiviral therapy, it is essential to discover and develop novel HCV inhibitors that act on new targets and can be used in combination with the SOC and/or DAAs to enhance efficacy and to delay or possibly prevent the emergence of drug-resistant variants. We have identified a novel class of small molecules that inhibit HCV RNA replication by targeting the viral nonstructural protein 4B (NS4B).
The HCV RNA genome is approximately 9.6 kb, containing a single open reading frame that encodes a polyprotein precursor that is processed to individual structural (C-E1-E2-p7) and nonstructural (NS2-NS3-NS4A-NS4B-NS5A-NS5B) proteins by host and viral proteases. The virus genome encodes a serine protease (NS3) and an RNA-dependent RNA polymerase (NS5B). Efforts to discover and develop inhibitors of these viral enzymes, as well as NS5A, have constituted the most productive approach to chemotherapeutic intervention in chronic HCV infection.
NS4B is another potential target for novel antivirals to treat chronic HCV infection. NS4B is a 27-kDa integral membrane protein that plays an essential role in HCV replication (for a review, see references 10 and 11). Although its functions are not yet fully understood, a number of roles have been postulated for HCV NS4B. NS4B is thought to act as a scaffold with which viral proteins and RNAs, as well as other key cellular factors, interact to form viral replication complexes in the endoplasmic reticulum (ER) that are required to allow viral RNA replication (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) .
NS4B possesses NTPase and adenylate kinase activities (24, 25) , binds viral RNA (26) , and contributes to the process of virus assembly and release (27) (28) (29) . Disruption of the GTPase or RNAbinding activity leads to impairment of HCV replication. NS4B has also been reported to interact with many HCV proteins (30) (31) (32) (33) (34) (35) (36) , as well as with several cellular proteins (28, 37, 38) . NS4B has been suggested to regulate viral protein translation (39) (40) (41) . The finding that NS4B is essential in the replication cycle of HCV makes it an attractive and compelling antiviral target for new therapeutics.
A new target within the HCV NS4B protein that is essential for viral genome replication, a conserved amphipathic helix termed 4BAH2, has been reported (42) . This amphipathic helix displays a potential for self-oligomerization as well as the ability to promote the aggregation of lipid vesicles into macromolecular assemblies resembling key features of membranous webs, called the HCV replication platform. The 4BAH2 vesicle aggregation-promoting activity was used to screen for candidate pharmacologic inhibitors. Several such inhibitors were reported to alter HCV genome replication in a dose-dependent manner (42) .
NS4B remains an underexploited target for the inhibition of HCV replication in clinical practice (43) . Here, we report PTC725, a member of a new class of highly selective inhibitors of HCV RNA replication that target NS4B. PTC725 is a clinical development candidate with low-nanomolar activity against HCV replicon RNA replication in cell culture assays and attractive pharmaceutical properties. (44) , and its analogs were synthesized at PTC Therapeutics, Inc. Figure 1A shows the chemical structure of PTC725.
MATERIALS AND METHODS

Compounds. PTC725, or (S)-
Reagents. Alpha interferon was purchased from Invitrogen (Carlsbad, CA). Mouse monoclonal anti-NS4B (2-H1; ab24283) and anti-NS5A (C65388) antibodies were purchased from Abcam (Cambridge, MA) and Meridian (Saco, ME), respectively. Rabbit polyclonal anti-protein disulfide isomerase (PDI) (H-160; sc-20132) antibody was obtained from Santa Cruz (Santa Cruz, CA). Alexa Fluor 488 dye-labeled goat antimouse IgG (A11001) and ProLong Gold antifade reagent with 4=,6-diamidino-2-phenylindole (DAPI) (P36931) were purchased from Invitrogen (Carlsbad, CA). The CellTiter 96 aqueous nonradioactive cell proliferation assay (MTS [3-(4,5-dimethyl-2-thiazolyl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] kit; G5421) was obtained from Promega (Madison, WI). Boceprevir was obtained from Schering-Plough Research Institute (Kenilworth, NJ). VX-222, a nonnucleoside HCV NS5B polymerase inhibitor in clinical development (http://www .clinicaltrials.gov/ct2/show/NCT01080222), was purchased from Selleckchem (Houston, TX). [ Cells. Huh-7 (hepatocarcinoma) cells harboring the subgenomic HCV genotype 1b (Con1) replicon (45) (referred to as 1b replicon cells) were obtained from ReBLikon GmbH (Gau-Odernheim, Germany). These cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Invitrogen), 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 1% nonessential amino acids (Invitrogen, Carlsbad, CA), 1% penicillin-streptomycin, and 250 g/ml G418 (Invitrogen, Carlsbad, CA).
HCV replicon inhibition assay. The ability of compounds to inhibit HCV RNA replication was assessed in the genotype 1b replicon cells. Briefly, the replicon cells were plated at a density of 5,000 cells per well in 96-well plates in DMEM containing 10% fetal bovine serum (FBS) in the absence of G418. Serial dilutions of test compounds in dimethylsulfoxide (DMSO) were added to wells, and cells were incubated at 37°C and 5% CO 2 for 3 days prior to determining the extent of inhibition of HCV replicon RNA replication and the effect of the compound on cell proliferation. The final concentration of DMSO in the medium was 0.5%. In some experiments, 1b replicon cells were treated with compound for up to 8 days to assess the extended effect of compounds on replicon replication. In some experiments, the activity of compounds was also tested in Huh-7 cells harboring HCV genotype 1a (H77S) genome (46) . Inhibition of replicon or genome RNA replication was quantified by real-time qRT-PCR (quantitative reverse transcription-PCR). At the end of compound treatment, the cells were lysed with Cell-to-cDNA lysis buffer (Ambion, Austin, TX). RT-PCR was carried out using TaqMan one-step RT-PCR master mix reagent kits (Applied Biosystems) with HCV primers (sense [S66], ACGCAGAAAGCGTCTAGCCAT; antisense [A165], TACTCACCGGT TCCGCAGA) and probe (5=-6-carboxyfluorescein-TCCTGGAGGCTGC ACGACACTCAT-6-carboxytetramethylrhodamine-3=) at a concentration of 100 M. The effect of the compound on the abundance of the housekeeping gene GAPDH (glyceraldehyde 3-phosphate dehydrogenase) mRNA as a control for cytotoxicity was determined by using predeveloped TaqMan assay reagents (Applied Biosystems, Foster City, CA). Both HCV replicon and GAPDH RNAs were amplified in the same well . HCV 1b replicon cells were treated with PTC725 at concentrations above the EC 90 , as indicated. Medium containing freshly diluted PTC725 was replenished every 3 days, and the cells were split prior to reaching confluence. Inhibition of replicon replication was measured at days 3, 6, and 8 by reduction of replicon RNA levels as determined by qRT-PCR. The averages of the inhibition of the replicon RNA level from duplicate measurements were plotted against the duration of the compound treatment.
using an ABI 7900HT (Applied Biosystems). The quantity of HCV replicon or GAPDH RNA from each sample was determined by applying PCR cycle-time values to a standard curve. The percent reduction of HCV RNA in the presence of test compound was calculated using the formula [1 Ϫ (compound treatment sample Ϫ background control)/(non-compoundtreated control Ϫ background control)] ϫ 100. EC 50 and EC 90 (50 and 90% effective concentrations, respectively) values were calculated by nonlinear regression using Prism software (GraphPad, San Diego, CA).
The activity of PTC725 in combination with other anti-HCV agents was assessed in 1b replicon cells over a 3-day treatment. The combination experiments were designed using a checkerboard cross pattern of drug concentrations, including each drug alone. The inhibitory effect of each combination or single agent was determined by monitoring replicon RNA replication using qRT-PCR, with GAPDH RNA as an endogenous control. The data were analyzed according to the method described by Chou and Talalay (47) . The combination indices (CIs) of PTC725 with other anti-HCV agents were calculated by using CalcuSyn software (Biosoft, Cambridge, United Kingdom). A CI value of 1 indicates an additive effect, a CI value of Ͼ1 indicates antagonism, and a CI value of Ͻ1 indicates synergism.
Emergence of resistance. HCV 1b replicon cells were plated in 60-mm dishes at a density of 2 ϫ 10 5 cells per dish. The following day, compounds were added at the indicated concentrations. All wells contained DMSO at a final concentration of 0.2%. Three days later, the cells were split 1:20 into new plates and the medium with compound was changed twice per week. After a total of 30 days, colonies of resistant cells were stained using an aqueous solution of 50% methanol, 1% formaldehyde, and 1% crystal violet.
Cytotoxicity assays. The cytotoxicity of compounds was assessed by assaying their effects on cell proliferation (MTS assay), levels of GAPDH mRNA, and incorporation of 14 C-labeled precursors. The 1b replicon cells were plated at a density of 5,000 cells per well in a 96-well plate and cultured for 1 day, and then they were treated with test compound in duplicate for 3 days in the presence of 10% FBS and 0.5% DMSO. In the MTS assay, cell viability was assessed using the Cell-Titer aqueous reagent kit (Promega) in accordance with the protocol provided by the supplier. GAPDH mRNA was quantified by qRT-PCR as described above. In the MTS and GAPDH experiments, the effect of PTC725 on the proliferation of an additional 12 different human tumor cell lines was assessed. These cells were treated with compound for 3 days. Camptothecin (Sigma, St. Louis, MO), a cytotoxic quinoline alkaloid which inhibits DNA topoisomerase I, was used as a positive control. The effect of PTC725 on the synthesis of cellular DNA, RNA, or protein was tested using [
14 C]thymidine, [ 14 C]uridine, or [ 14 C]leucine, respectively. The incorporated intracellular radioactivity was counted on a TopCount NXT (Packard, Meriden, CT).
De novo selection of HCV replicon resistance. To select replicons that are resistant to PTC725, 1b replicon cells were cultured at subconfluence with fixed concentrations (4, 40, and 120 nM) of compound in the presence of G418. In parallel, 1b replicon cells cultured in the absence of PTC725 were used as a mock selection control for the appearance of nonspecific mutations. Cell culture medium was replenished with fresh medium containing the appropriate concentration of PTC725 every 3 to 4 days. Replicon cells were split (1:4) when they reached approximately 80% confluence. Cell growth rate was monitored as an indicator of replicon resistance. After approximately 4 weeks of selection (6 to 7 passages) with PTC725, the selected replicon cells regained a normal growth rate in the presence of G418, indicating replicon resistance to PTC725. Susceptibility of the selected replicons to PTC725 was evaluated by quantification of replicon RNA as described above.
cDNA cloning. To identify mutations in the replicon which conferred resistance to PTC725, total cellular RNA from the selected replicon cells was extracted and cDNA of replicon RNA was prepared using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) or a Superscript III firststrand synthesis system (Invitrogen). The genes for NS4B and NS5A and the IRES (internal ribosomal entry site) region of the replicon were amplified from the cDNA by PCR using appropriate primers and cloned into pCR2.1-TOPO vector (Invitrogen). E. coli DH5 ␣-T1 R or TOP10 (Invitrogen) was transformed with plasmid DNA. Plasmid DNAs from 17 to 20 clones were sequenced at GENEWIZ (South Plainfield, NJ). Sequencing data were analyzed using the Sequencher software program (Gene Codes Corporation, Ann Arbor, MI). The mutations observed in the selected replicons were introduced into wild-type Con1 replicon DNA carrying the adaptive mutation S1179I (48) by site-directed mutagenesis to demonstrate that these mutations indeed conferred resistance to PTC725. The presence of mutations in all DNA constructs was confirmed by sequencing.
Establishment of cells stably transfected with a recombinant replicon. Stable cell lines carrying mutated recombinant replicons were established by transfecting the recombinant replicon RNA into Huh-7 cells and maintained in 500 g/ml of G418. All mutations in the recombinant replicons were confirmed by sequencing. The susceptibility of the stable recombinant replicon cells to PTC725 was assessed as described above.
Evaluation of replication capacity of replicons carrying drug resistance mutations. In order to examine the effect of drug resistance mutations on the replication capacity of the HCV replicon, we conducted replicon cell colony formation assays (49, 50) . A total of 1 ϫ 10 6 Huh-7 cells were transfected with 4 g of in vitro-transcribed replicon RNA by electroporation and then cultured with G418 at a concentration of 250 g/ml for approximately 3 weeks. Replicon cell colonies were detected by staining with 0.2% crystal violet in 2% ethanol.
Indirect IF microscopy. In order to study effects of the NS4B inhibitors and drug resistance mutations on subcellular localization of viral proteins, we performed indirect immunofluorescence (IF) assays to detect HCV NS4B and NS5A proteins in wild-type and NS4B mutated 1b replicon cells. Replicon cells were cultured on sterile German glass coverslips. Cells were fixed in 4% paraformaldehyde, washed with phosphate-buffered saline (PBS), permeabilized with 0.05% Triton X-100 for 5 min, washed again, and blocked in 10% FBS in PBS for 1 h. The cells were then incubated with the primary monoclonal antibody against NS4B or NS5A diluted in 10% FBS in PBS for 2 h at room temperature, followed by washes in PBS. The cells were then incubated with the secondary antibody for 1 h. After incubation with the secondary antibody, cells were washed with PBS and coverslips were then mounted onto slides with ProLong Gold antifade reagent with DAPI. Images were captured using a Zeiss Axiovert 200 fluorescence microscope and associated software (Zeiss, Germany). Digital images were taken with a Retiga 1300 camera (QImaging, Surrey, Canada).
Quantification of replicon proteins. HCV NS4B and NS5A proteins in the replicon cells were quantified by immunoblotting. Total cellular protein of replicon cells was prepared in a 10% SDS solution and subjected to conventional SDS-PAGE followed by immunoblotting. The HCV NS4B and NS5A proteins were detected using the same antibodies as described above and used for IF microscopy. PDI, an endoplasmic reticulum (ER) membrane protein, was used as an internal control. The blotted target bands were quantified with an Odyssey infrared imager (Li-Cor, Lincoln, NE).
Pharmacokinetic studies in animals. All procedures were performed in a laboratory certified by the American Association for the Accreditation of Laboratory Animal Care (AAALAC) with approval from the Institutional Care and Animal Use Committee. The intravenous and oral pharmacokinetics of PTC725 were evaluated in mice, rats, dogs, and monkeys. Male CD-1 mice (18 to 20 g) and male CRL-CD-BR rats (180 to 220 g) were purchased from Charles River Laboratories (Wilmington, MA). Male beagle dogs (7 to 15 kg of body weight) and male cynomolgus monkeys (3 to 9 kg) were obtained from the Schering-Plough Research Institute colony. Animals were kept in temperature-, humidity-, and light cycle-controlled rooms. Animals were randomly assigned to each treatment group and were subjected to fasting (water allowed) for 18 h prior to dosing, unless otherwise indicated. For oral dosing, PTC725 was sus-pended in 0.4% hydroxypropylmethyl cellulose (HPMC) at doses of 10 mg/kg for mice, 10 mg/kg for rats, and 5 mg/kg for dogs and monkeys. For intravenous (i.v.) dosing, PTC725 was solubilized in 10% N-methyl 2-pyrrolidone, 40% polyethylene glycol 300 (PEG 300), and 50% propylene glycol (by volume) for mice and rats, and the same components were used for dogs and monkeys at concentrations of 5, 50, and 45%, respectively. PTC725 was administered as an intravenous (2-to 3-min push) dose of 5 mg/kg to mice, 6 mg/kg to rats, and 2.5 mg/kg to dogs and monkeys. After oral dosing of mice and rats, blood was collected (at 0.25, 0.5, 1, 2, 4, 8, 24, and 48 h). After oral dosing of dogs and monkeys, blood was collected at prespecified time points (0.25, 0.5, 1, 2, 4, 8, 24, 48, 72, and 96 h). After intravenous dosing of mice and rats, blood was collected at prespecified time points (0.125, 0.25, 0.5, 1, 2, 4, 8, 24, and 48 h). After intravenous dosing of dogs and monkeys, blood was collected (0.125, 0.25, 0.5, 1, 2, 4, 8, 24, 48, 72, and 96 h). Blood was centrifuged to harvest plasma, and the levels of PTC725 in plasma were quantified by liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. Briefly, PTC725 was serially diluted into plasma from undosed animals of the respective species and used as calibration standards. Internal standard (a close analog of PTC725) was added to plasma samples from dosed animals or calibration standard and then were acidified, and protein was precipitated by the addition of acetonitrile-methanol mixture using a 96-well format. Plasma was centrifuged to precipitate the protein, and the supernatant was analyzed for PTC725 and the internal standard. Also analyzed with each analytical run are two sets of quality control samples (at three concentrations) prepared in plasma from undosed animals of the respective species from a separate weighting, one before the samples and the other after the samples. Analyte concentrations were determined by turbo ion spray LC-MS/MS in the positive-ion mode. The analytical methods were qualified prior to use by analyzing standard spiked samples at different times (inter-and intraday). The precision and accuracy of the analytical methods were satisfactory. Standard noncompartmental analysis methods, using WinNonlin (Pharsight Corporation, Mountain View, CA), were used to calculate pharmacokinetic parameters. The following parameters were determined: C max (maximal concentration of drug in plasma), AUC 0-ϱ (total area under the plasma concentration versus the time curve from time zero extrapolated to infinity), t 1/2 (half-life of elimination), T max (time to maximum concentration of drug in serum), CL (total body clearance or systemic clearance), V ss (volume of distribution at steady-state), and F (oral bioavailability).
Evaluation of liver-to-plasma ratio of PTC725 in mice and rats. All procedures were performed in an AAALAC-certified laboratory with approval from the Institutional Care and Animal Use Committee. The liverto-plasma ratio of PTC725 was evaluated in mice and rats following oral administration of PTC725 at 10 mg/kg in 0.4% HPMC. Male CD-1 mice or Sprague Dawley rats (three animals per time point) were sacrificed at 0.15 (mice only), 0.5, 1, 2, 4, 8, 24, and 48 h after dosing. A blood sample was drawn from each animal, and plasma samples were then obtained by centrifugation. The whole liver was removed from each animal and perfused with phosphate-buffered saline to remove traces of blood. After weighing, the liver was cut into small pieces and homogenized with an equal volume of water. The plasma and liver samples were stored at Ϫ70°C until analysis using LC-MS/MS. Liver homogenates were treated in the same manner as plasma samples (protein precipitation using acetonitrile-methanol mixture), and the supernatant was analyzed by LC-MS/MS using calibration standards prepared in the same matrices from undosed animals.
RESULTS
PTC725 selectively inhibits HCV replicon replication.
A highthroughput screen was initially performed using gene expression modulation by small molecules (GEMS) technology, developed at PTC (51), utilizing the HCV IRES. Hits identified in this screen were subsequently chemically optimized for compound potency and selectivity using the HCV replicon system, as well as for pharmaceutical properties. Over 10,000 compounds were synthesized and tested. The results of this effort led to the identification of PTC725 (Fig. 1A) , a small molecule with selective activity for the inhibition of HCV genotype 1 RNA replication.
The inhibitory activity of PTC725 and that of a subset of analogs was evaluated in HCV genotype 1b (Con1) replicon cells. Table 1 summarizes the inhibition activity of the lead compound PTC725 and its analogs. PTC725 had a mean EC 50 of 1.7 Ϯ 0.78 nM and EC 90 of 9.6 Ϯ 3.1 nM (Fig. 1B) in a 3-day treatment. PTC725 also inhibited the replication of the genotype 1a H77S full-length genome (46) with an EC 50 of 7 nM and an EC 90 of 19 nM. PTC725 had considerably lower and less selective activity (EC 50 , ϳ2.2 M) against genotype 2a infectious JFH-1 virus in Huh-7 cells. PTC725 exhibited dose-response and time-dependent inhibition of HCV replicon replication with maximal reductions of replicon RNA levels by 2 and 3 log 10 at 1ϫ and 5ϫ EC 90 concentrations (Fig. 1C) , respectively, in an 8-day treatment.
PTC725 and its analogs have selective activity against HCV RNA replication. PTC725 was tested against a panel of DNA and RNA viruses in cell culture antiviral assays that included adenovirus, herpes simplex virus type 1, influenza virus A, parainfluenza virus type 3, respiratory syncytial virus, yellow fever virus, bovine viral diarrhea virus, and human immunodeficiency virus type 1. PTC725, at concentrations of up to 10 M, was not active against any of these viruses (data not shown). In cell-free enzymatic assays, PTC725 and its analogs had no activity against HCV NS3/4A protease and helicase or NS5B RNA-dependent RNA polymerase up to 10 M, the highest concentration tested (data not shown).
The HCV replicon inhibitory activity of PTC725 was selective with respect to cytotoxicity. The cytotoxicity of PTC725 and related compounds was assessed in Huh-7 1b replicon cells in parallel with their anti-replicon activity. Cytotoxicity was also assessed using multiple assays that monitored cell proliferation in multiple cell lines and the macromolecular synthesis of RNA, DNA, and protein. PTC725 had greater than 5,000-fold selectivity with respect to cytotoxicity (CC 50 /EC 50 ) in 1b replicon cells using MTS cell proliferation assays (Table 1) . Furthermore, PTC725 did not have an effect on the levels of GAPDH mRNA, even with a greater than 6,000-fold selectivity window. PTC725 also had a greater than 4,000-fold selectivity window with respect to reduction in total cellular DNA, RNA, and protein synthesis in 1b replicon cells with 3-day compound treatment as determined by 14 C radiolabeling incorporation assays. In addition, PTC725 was further assessed for its effect on cell proliferation in various types of tumor cell lines. PTC725 had greater than 1,500-to 5,000-fold selectivity with respect to cytotoxicity as assessed in 12 different tumor cell lines by MTS cell proliferation assays and/or its effect on the level of GAPDH mRNA (Table 2) . These results demonstrate that PTC725 and its analogs selectively inhibit the replication of HCV replicons.
Mutations in NS4B confer replicon resistance to PTC725. Resistance to PTC725 was selected by treating genotype 1b replicon-containing Huh-7 cells with compound at concentrations of 4-and 12-fold the EC 90 value (40 and 120 nM, respectively). Replicons that were approximately 80-fold resistant to PTC725 were generated and sequenced. PTC725-resistant replicons contained mutations encoding amino acid substitutions F98L/C and V105M in NS4B (Table 3 ). In addition, H94R in NS4B, previously reported to encode resistance to a carboxamide NS4B inhibitor (known as anguizole) (52), was observed in 1 out of 58 colonies of plasmid DNA of PTC725-selected replicons sequenced. None of these mutations were observed in the mock-selected replicons. Resistance mutations described for the NS4B-targeting compound clemizole hydrochloride (W55R and R214Q in NS4B) (26) were not identified among PTC725-selected replicons. A series of imidazo[1,2-a]pyridines was previously reported to interact with HCV NS4B (53). These compounds selected for a similar array of resistance mutations encoding the amino acid substitutions H94N/R, F98L, and V105L/M (53).
To confirm that these mutations confer HCV replicon resistance to PTC725, the mutations encoding the amino acid substitution F98L, F98C, or V105M were engineered into the wild-type 1b HCV replicon by site-directed mutagenesis. The engineered replicons were stably transfected into Huh-7 cells. Replicons containing the F98C, F98L, and V105M amino acid substitutions were 300-, 140-, and 60-fold resistant, respectively, to PTC725 ( Fig. 2 and Table 3 ). In addition, replicons containing both F98C and V105M amino acid substitutions were not significantly more resistant to PTC725 than were replicons carrying each mutation alone (results not shown). The NS4B mutated replicons had a similar pattern of resistance against the analogs of PTC725 shown in Table 1 . Consistent with PTC725 targeting NS4B, PTC725-resistant replicons remained fully susceptible to alpha interferon or boceprevir (results not shown). A number of representative replicon mutants carrying substitutions encoding resistance to inhibitors of NS3 protease or NS5B polymerase was shown to remain fully susceptible to PTC725 (Table 4) . These results are consistent with the activity of PTC725 being specific for NS4B and not selecting for cross-resistance to alpha interferon or to inhibitors of HCV NS3/NS4A protease or NS5B polymerase. Taken together, these findings demonstrate that PTC725 targets the viral NS4B protein.
The fitness of the NS4B-resistant replicons compared to that of the wild-type replicon was analyzed. A colony formation assay with F98C and V105M replicon cells was conducted to monitor the replication capacity of the HCV replicon (49, 50) . Huh-7 cells were transfected with mutated or wild-type replicon RNA and cultured under G418 selection for 3 weeks, and colonies of replicon cells were subsequently detected by staining with crystal violet. The results demonstrated that the F98C and V105M mutations have a slight effect on replicon fitness, with a 37 and 29% reduction in replication capacity, respectively, compared to that of the wild-type replicon cells.
The activity of PTC725 in combination with other antiviral agents is additive/synergistic and suppresses the emergence of replicon resistance. The inhibitory activity of PTC725 was investigated in 1b replicon-containing cells in combination with alpha interferon or HCV protease and polymerase inhibitors. Replicon cells were treated with PTC725 in combination with other HCV agents at various molar ratios for 3 days. Inhibition of replicon replication was determined by quantifying replicon RNA using qRT-PCR. Combination effects on the inhibition of replicon RNA replication are expressed as combination indices (CIs). PTC725 had average mutually nonexclusive CIs of 0.57 and 1.07 when combined with alpha interferon or the marketed HCV protease inhibitor boceprevir, respectively (Fig. 3) . When combined with the nonnucleoside HCV polymerase inhibitor VX-222 at various molar ratios, PTC725 had CIs of 0.86 to 1.7, 0.53 to 1.2, and 0.31 to 0.79 at EC 50 , EC 75 , and EC 90 , respectively (Table 5 ). These results indicate that PTC725 acts synergistically with alpha interferon, additively to synergistically with the HCV polymerase inhibitor VX-222, and additively with the HCV protease inhibitor boceprevir to inhibit HCV replicon RNA replication in cell culture.
The emergence of replicon resistance was assessed in 1b replicon-containing cells. HCV 1b replicon-containing cells under G418 selection were cultured in the presence of PTC725 alone, boceprevir alone, or these agents in combination, and the emergence of replicon resistance was determined. The frequency of emergence of drug-resistant colonies of replicon cells was 0.1 or 0.2% with a 5-fold EC 90 concentration of PTC725 or boceprevir, respectively (Fig. 4) . The combination of PTC725 and boceprevir, however, reduced the frequency of emergence of replicon-resistant colonies to 0.001%. This frequency was at least 100-fold lower than that in the presence of each compound alone and approximately 20-fold lower than would be predicted for the additive combination of PTC725 and boceprevir. These data indicate that PTC725, in combination with boceprevir, synergistically suppresses the emergence of HCV replicon resistance.
The NS4B inhibitors do not alter intracellular localization of HCV proteins to the ER. NS4B residues F98 and V105 are located in the proposed transmembrane domain 1 (TM1) of NS4B (Fig. 5A) . Analysis of the predicted positions of residues H94, F98, and V105 in the TM1 region (amino acids 93 to 109) using the Java applet helical wheel model (E. K. O'Neil and C. M. Grisham, University of Virginia; http://cti.itc.virginia.edu/ϳcmg/Demo/wheel/wheel App.html) showed that H94, F98, and V105 are predicted to lie on the same face of the transmembrane helix (Fig. 5B ). This suggests that these residues are involved in the intramolecular interactions of NS4B and/or in intermolecular interactions between NS4B and other components of the replication complexes. Therefore, it was hypothesized that either binding of the compounds to NS4B or the drug-resistant NS4B mutations would perturb the localization of NS4B in intracellular membranes. To test this hypothesis, we investigated the effect of the HCV inhibitors on replicons with an NS4B protein containing the F98C substitution, which encodes the highest resistance to PTC725, on the intracellular distribution of NS4B and NS5A in replicon cells by IF microscopy. HCV NS4B and NS5A proteins in the wild-type and F98C mutant 1b replicon-containing cells were detected with mouse monoclonal antibodies by indirect IF microscopy. First, the effect of PTC-332 (Table 1) on HCV proteins in the replicon cells was assessed. PTC-332 is a structurally close analog of PTC725 in which the only difference is the replacement of the 6-ethyl of PTC725 with a 6-methyl group. As expected, IF detection of both NS4B and NS5A in the wild-type replicon cells, but not in the F98C mutated replicon cells, was abrogated after PTC-332 treatment for 72 h at a concentration of 5-fold the EC 90 against the wild-type 1b replicon (results not shown).
We next assessed the effect of PTC-332 on the subcellular localization of viral proteins in replicon cells. Genotype 1b repliconcontaining cells were treated with PTC-332 at a range of concentrations for 6 h. The localization of neither NS4B (Fig. 6A ) nor NS5A protein (results not shown) in the ER was obviously altered in the wild-type replicon cells treated with PTC-332. Interestingly, the IF detection signals for both NS4B (Fig. 6A ) and NS5A proteins (results not shown) were brighter and more punctate in appearance in wild-type replicon cells treated with PTC-332 at concentrations from 5-to 80-fold, but not Ͻ5-fold (results not shown), the replicon EC 90 compared to the non-compoundtreated control. It should be noted that the concentrations of PTC-332 tested were well below the CC 50 (Table 1) . Importantly, the brightness of signal for both NS4B and NS5A proteins in the F98C mutated replicon cells was not enhanced (results not shown).
To determine whether the enhanced brightness of the NS4B and NS5A protein IF staining in wild-type replicon cells was due to an increased abundance of the proteins (for example, if binding of the compound to NS4B can protect the viral proteins or protein complex from degradation), we quantified the viral proteins in the wild-type replicon cells treated with PTC-332 by immunoblotting. The lysates of the replicon cells were subjected to conventional SDS-PAGE followed by immunoblotting using the same antibodies to NS4B or NS5A that were used for IF microscopy. ER a HCV 1b replicon cells were treated for 3 days with PTC725 and VX-222 alone or in combination at various molar ratios. Inhibition of replicon replication was determined by reduction of replicon RNA as measured by qRT-PCR. The data were obtained from a single experiment performed in duplicate. The combination index (CI) was calculated using CalcuSyn software. membrane protein PDI was used as an internal control. As shown in Fig. 6B , neither the NS4B nor NS5A protein in the wild-type replicon cells treated with PTC-332 was obviously increased in abundance, as determined using an Odyssey infrared imager. Therefore, further studies are needed to understand the basis for the increased IF brightness of the viral proteins in the wild-type replicon as a result of treatment with PTC-332.
The amino acid substitution F98C in NS4B does not alter the localization of HCV proteins to the ER. We investigated whether the drug resistance substitutions affect the localization of the NS4B protein to the ER and its interaction with the components of the replication complexes. The NS4B F98C substitution was used, since it confers the highest level of resistance to PTC725. The IF staining pattern of the NS4B protein in the F98C mutated replicon cells is similar to that of the NS4B protein in the wild-type replicon cells (Fig. 7) . However, when the F98C mutated replicon was exposed to PTC725 at a concentration 80-fold above the EC 90 for the wild-type replicon, no increase in brightness or punctation of the IF staining pattern was observed (data not shown). This observation provides further phenotypic evidence for NS4B as the target of PTC725. Similarly, the staining pattern of NS5A was not affected by the presence of this amino acid substitution (results not shown). Furthermore, the levels of NS4B and NS5A were not increased by the F98C mutated replicon (results not shown). These results indicate that the F98C substitution does not alter the localization of NS4B or NS5A to the ER.
Orally administered PTC725 has excellent exposure across multiple species. The summary of pharmacokinetic parameters for PTC725 in mice, rats, dogs, and monkeys following intravenous and oral administration is shown in Table 6 . PTC725 showed Helical wheel representation of the HCV NS4B TM1 domain using the amino acid sequence for genotype 1b, isolate Con1 (GenBank accession number AJ238799). The TM1 region in NS4B is defined as amino acids 93 to 109 (56) . The glutamine (Gln) at amino acid position 93 is indicated as 1 on the helical wheel. The figure was generated using a Java applet (E. K. O'Neil and C. M. Grisham, University of Virginia; http://cti.itc.virginia.edu/ϳcmg/Demo/wheel/wheelApp.html). Amino acid substitutions that confer resistance to PTC725 are indicated in the diamonds on the helical wheel. moderate clearance after i.v. administration in mice, rats, dogs, and monkeys (4.6 to 15 ml/min/kg, approximately 12 to 25% of hepatic blood flow), with an effective half-life range of 1.4 to 5.4 h and a mean residence time range of 2.0 to 7.8 h. PTC725 showed moderate to high oral bioavailability in mice, rats, dogs, and monkeys (18 to 78%). The lowest oral bioavailability of 18% was observed in monkeys. This is consistent with our results showing that PTC725 was more highly metabolized in isolated liver microsomes from monkeys than from the other species (data not shown). Furthermore, we have seen that PTC725 has higher i.v. clearance in monkeys than in the other species. The lower oral bioavailability and the higher clearance of PTC725 in monkeys help to explain that drug plasma concentrations in this species are lower than the serum-shifted EC 90 .
Distribution of PTC725 in the liver and brain was evaluated in mice and rats following oral administration of PTC725 at a dose of 10 mg/kg. The liver/plasma AUC ratio was 15 and 23 for mice and rats, respectively, indicating that PTC725 is well distributed to liver, the target organ. In mice and rats, the brain/plasma AUC ratios were 0.16 and 0.3, respectively, indicating limited brain uptake and reducing the risk of central nervous system toxicity.
As shown in Fig. 8A , after oral administration of PTC725 to rats, plasma exposures were above the replicon EC 90 (measured in the presence of 40% human serum; 600 nM) for ϳ12 h after a single dose of 10 mg/kg and for 24 h after a single dose of 30 mg/kg. As shown in Fig. 8B , after oral administration of PTC725 to dogs, plasma exposures were above the serum-shifted EC 90 for ϳ12 h after a single dose of 5 or 10 mg/kg and for 24 h after a single dose of 20 mg/kg.
Projection of human pharmacokinetics was carried out using fixed-exponent allometry using rat, dog, and monkey pharmacokinetics (54) . The projected systemic clearance was in the range of 2.7 to 6.2 ml/min/kg with a geometric mean of 3.6 ml/min/kg. The projected volume of distribution at steady state (V ss ), based on allometry, was in the range of 2.1 to 3.9 liters/kg with a geometric mean of 3.1 liters/kg. The projected half-life range was 7 to 17 h with a geometric mean of 10 h, suitable for once-or twice-daily administration. The EC 90 of PTC725 in the replicon assay is 9.7 nM, with a 60-fold increase in the EC 90 in the presence of 40% human serum. A target efficacious dose was defined as the dose necessary to maintain 5ϫ the EC 90 in the presence of human serum. Based on these predicted human pharmacokinetic parameters, efficacious total daily doses of PTC725 are predicted for once-, twice-, and thrice-daily administration to be about 970, 570, and 480 mg, respectively.
DISCUSSION
We report the identification of PTC725, a member of a novel class of small molecules that selectively target NS4B to inhibit HCV replicon RNA replication in cell culture. PTC725 has low nanomolar activity against HCV genotype 1a and 1b replicons and exhibited both dose-response and time-dependent activity in the HCV replicon assay. An 8-day treatment with PTC725 resulted in a 3-log 10 reduction of HCV replicon RNA at a concentration of 5-fold above the EC 90 value, a reduction which is equal to that resulting from treatment of the protease inhibitor boceprevir at 5-fold the EC 90 . Importantly, PTC725 has high selectivity with respect to cytotoxicity, as assessed in a number of cell lines derived from different human tissues using various endpoints.
Combination therapy has proven to be an effective and necessary approach for chronic HCV infection therapy. A combination of treatment modalities enhances therapeutic efficiency and delays or prevents the emergence of drug-resistant viral variants in both in vitro antiviral assays and in the clinical setting (5 exhibited synergistic activity in combination with alpha interferon or the NS5B nonnucleoside polymerase inhibitor VX-222 and additive activity in combination with the NS3 protease inhibitor boceprevir against HCV replicon replication in cell culture (Fig. 3 , Table 5 ). Furthermore, PTC725 did not select for cross-resistance to alpha interferon or to inhibitors of the HCV protease and polymerase. These results suggest that the combination of PTC725 with anti-HCV agents in the treatment of HCV infection will have clinical utility. As drug-resistant viral variants have been observed following the administration of DAAs in mono-or combination therapies (7) (8) (9) , resistance studies of PTC725 were conducted. Selection and characterization of PTC725-resistant HCV replicons demonstrated that mutations encoding amino acid substitutions in the HCV NS4B confer replicon resistance to these compounds, consistent with acting on the viral NS4B protein. De novo selection of resistant HCV replicons identified amino acid substitutions F98C/L and V105M in NS4B, which were shown to confer a high level (Ͼ50-fold) of replicon resistance to PTC725. Analysis of HCV NS4B sequences collected in the Los Alamos database (55) found that both F98 and V105 are highly conserved in genotypes 1 (Ͼ97% in 1013 sequences) and 3 (100% in 118 sequences) HCV. Interestingly, L98 is present in 61 of 61 sequences analyzed in HCV genotype 2, which explains why PTC725 had lower activity against this virus (data not shown).
The time and frequency required for the selection of replicons resistant to PTC725 were similar to those for selection against the HCV protease inhibitor boceprevir (Fig. 4) . However, the combination of PTC725 and boceprevir resulted in an approximately 100-fold greater reduction in the emergence of drug-resistant replicons compared to each compound alone (Fig. 4) . These results indicate that PTC725 has a synergistic effect on the inhibition of the emergence of HCV resistance in combination with other DAAs. Therefore, the results from these studies on drug resistance anticipate that PTC725, as a component of combination therapies, will have clinical benefits for controlling drug-resistant HCV variants.
NS4B localizes in the ER and acts primarily as a scaffold for the assembly of the viral components to form complexes for the translation and replication of viral genomic RNA (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . At least four TM domains in NS4B have been proposed to anchor into the ER membrane. Based on the topology model of NS4B (20) , the amino acid substitutions that confer resistance to PTC725, at F98 and V105 in NS4B, are localized in the TM1 domain of the protein (Fig. 5A) . Furthermore, F98 and V105, as well as H94, lie on the same face of the transmembrane region as predicted in a helical wheel model (Fig. 5B) , indicating that these residues are involved in intramolecular interactions or interactions between NS4B and other components of the replication complexes.
Based on the observations described above, we determined whether the NS4B inhibitors and the drug-resistant mutations affect the localization of NS4B at the ER and its interaction with other components of the replication complexes, such as NS5A. PTC-332, a structurally close analog of PTC725 with similar properties that inhibit replicon replication, was tested and did not alter the subcellular distribution of NS4B protein at the ER in both wild-type and F98C substituted replicons (Fig. 6A) . These results indicate that the NS4B inhibitors impair NS4B function related to viral replication without interrupting its subcellular localization. Interestingly, the NS4B inhibitor anguizole, shown to interact with the AH2 domain of NS4B, was reported to alter the subcellular distribution of NS4B-green fluorescent protein (GFP) fusion protein (52) . The difference in results for our NS4B inhibitors compared to those for anguizole suggests that these agents have different mechanisms of action in affecting NS4B function and subcellular localization. Alternatively, the difference in results may be due to the use of an expressed NS4B-GFP protein for the studies involving anguizole.
HCV NS4B was reported to interact with nearly all HCV proteins (30) (31) (32) (33) (34) (35) (36) . Therefore, we investigated whether the NS4B inhibitors or their drug-resistant mutations interrupt the interaction of NS4B with other viral proteins. To this end, we assessed the effect of PTC-332 or the amino acid substitution F98C on the subcellular localization of NS5A in the replicon cells by IF. Neither PTC-332 nor the F98C substitution altered the ER localization of NS5A protein in replicon cells. These results indicate that neither NS4B inhibitors nor the drug-resistant mutations disrupt the interaction between NS4B and NS5A at the ER membrane. However, further studies are needed to understand more fully the effect of the NS4B inhibitors on the interaction of NS4B with other viral and cellular proteins.
Interestingly, although the viral proteins in the wild-type replicon cells were abrogated after PTC-332 treatment for 72 h, the intensity and punctate nature of the IF staining for both NS4B and NS5A was enhanced in a dose-dependent manner in wild-type replicon cells treated for only 6 h (Fig. 6A) . However, the abundance of the viral proteins was not increased as determined by oral administration to rats and dogs. Rats (A) and dogs (B) were dosed by oral gavage with PTC725 suspended in 0.4% HPMC. Animals were serially bled at specified time points, and the levels of PTC725 were quantified. The dotted line shows the EC 90 (600 nM) measured in the presence of 40% human serum. In both panels A and B, the error bars represent the SEM. n ϭ three animals in each case.
immunoblot assay (Fig. 6B) . While it is unclear why treatment of wild-type replicon cells with the NS4B inhibitor for a short period of time altered the pattern of IF staining for NS5A and NS4B, potential reasons include (i) increased aggregation of the viral proteins in the ER membrane in the presence of compound; (ii) an effect of the compound on NS4B oligomerization, resulting in a conformational change and/or disruption of the replication complexes; or (iii) interaction of the compound with NS4B (which may be in complex with NS5A) may alter the conformation of the protein or protein complex to increase the binding of the antibody, possibly as a result of the increased exposure of the recognized epitope. Further investigations are needed to elucidate this issue and may help define the mechanism of action of PTC725 and its analogs.
PTC725 has excellent oral exposure and high liver-plasma distribution ratios in multiple species. A single oral dose of 10 mg/kg given to rats or a dose of 5 mg/kg given to dogs provides plasma exposures at or above the in vitro replicon EC 90 for 12 h, suggesting clinical utility. PTC725 has low potential for drug-drug interactions, as evidenced by lack of inhibition or induction of a panel of human cytochrome P450 enzymes in vitro at anticipated efficacious plasma concentrations, and it has low potential for cardiovascular effects as evaluated in an in vitro hERG assay. Furthermore, we evaluated PTC725 for its potential cardiovascular effects and found no significant test article-related changes in systolic, diastolic, mean blood pressure, heart rate, electrocardiogram (ECG) intervals (RR, PR, QRS, QT, and QTc Fridericia correction), and ECG morphology in telemetered dogs given PTC725 orally at doses of 2 and 5 mg/kg. Plasma samples taken at 4 h postdosing confirmed the exposure (data not shown). Additionally, PTC725 was well tolerated in rats at up to 2,000 mg/kg/day in a 14-day oral toxicity study and in dogs at up to 1,000 mg/kg in a single-escalation-dose toxicity study as determined by the lack of effect on body weight and the overall good health of the animals (data not shown).
NS4B is an underexploited target for the discovery of clinically useful anti-HCV agents. Here, we have identified PTC725 as a novel anti-HCV compound that targets NS4B. PTC725 has nanomolar activity and a high degree of selectivity with respect to cytotoxicity, as well as favorable combination effects in enhancing antiviral activity and in restricting the appearance of drug-resistant HCV replicon variants in cell culture. Furthermore, PTC725 is orally bioavailable and well tolerated in multiple species. Further development of this molecule as a treatment for chronic HCV infection is warranted.
